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1 Introduction 

Supersymmetry (SUSY) extension is one of the most promising way to solve the gauge 
hierarchy problem in the standard model (SM) [1]. Since any superpartners have not been 
observed in current experiments, SUSY should be broken at low energies. Furthermore, soft 
SUSY breaking terms are severely constrained to be almost flavor blind and CP invariant. 
Thus, the SUSY breaking has to be mediated to the visible sector not to induce too large 
CP and flavor violation effects. Some mechanisms to achieve such SUSY breaking mediation 
have been proposed |2j- 

The anomaly mediated supersymmetry breaking (AMSB) scenario [3[ HI [5] is one of the 
most attractive scenario due to its flavor-blindness and ultraviolet (UV) insensitivity for the 
resultant soft SUSY breaking terms. The pattern of SUSY breaking does not depend at all 
on physics at higher energy scales. On the eve of the Large Hadron Collider (LHC) operation 
at CERN, which start this year, there are several studies in the aspects of collider physics to 
discriminate the AMSB scenario from the other SUSY breaking mediation scenarios [SlITllH]. 
Despite the appeal of the AMSB, the original version of the AMSB is excluded because of 
its high predictivity. The slepton squared masses become negative at the weak scale, and 
hence the theory would break U(l)em- There have been many attempts to solve this problem 
by incorporating additional positive contributions to slepton squared masses at tree level 
El [ini [ID or at quantum level [121 [13] • 

An important thing to realize at this point is that MSSM is not a complete theory of low 
energy particle physics and needs extension to explain the small neutrino masses observed in 
experiments. The relevant question then is whether MSSM extended to include new physics 
that explains small neutrino masses will cure the tachyonic slepton mass pathology of AMSB. 
One of the simplest extensions of MSSM which provide natural explanation of small neutrino 
masses is to extend the gauge symmetry of MSSM to SU{3)c x SU{2)l x f/(l)y x U{1)b-l 
which naturally introduces three right-handed neutrinos into the theory in order for the 
anomaly cancellation. Once we incorporate the '[J{1)b-l gauge symmetry in SUSY models, 
the \]{1)b-l gaugino Zb-l appears, and it can mediate the SUSY breaking pjj (the Z' 
mediated SUSY breaking [T51[IS])l|. The prensent papaer focuses on an alternative approach 
to avoid the tachyonic slepton problem, where we use the Z' mediated SUSY breaking [151 [16]. 

This paper is organized as follows. In Sec. 2 and Sec. 3, we give a brief review of the 
anomaly mediation and the Z' mediated SUSY breaking, respectively. In Sec. 4, we combine 
these two scenarios and examine the numerical evaluations to give a sample mass spectra. 
Sec. 5 is devoted to summary and discussion. 



^The similar idea has also been suggested in [TTlllSj . 



2 Anomaly Mediation in the B — L extended MSSM 

In this section, we work out in the superconformal framework of supergravity ^9] , and we 
explain the anomaly mediation scenario in the B — L extended MSSM. 

In the superconformal framework of supergravity, the basic Lagrangian is given by 

/^SUGRA = -3 / d'^e 4>^ e-""^ + [ (fe 0^1^ + h.c. , (1) 



where (p = l + ^^F^ is the compensating multiplet, K is the Kahler potential in the conformal 
frame, and W is the superpotential. 

As for the gauge sector in the MSSM, the kinetic term is of the form, 

^gauge = ^/c^^^r.(^)w'^-W^ (2) 

At the classical level, the compensator (j) does not appear in the gauge kinetic term as the 
gauge chiral superfield W^" has a chiral weight |. It turns out that the dependence of 
comes out radiatively through the cutoff scale A (/i/j is the renormalization scale). In the 
above setup, non-zero F^ induces soft SUSY breaking terms through the AMSB, and the 
resultant SUSY breaking mass scale is characterized by mAMSB ~ -^0/(167r^). Considering the 
anomaly mediation contribution to the soft scalar masses and A-terms, we take the minimal 
Kahler potential for the MSSM superfields, -R'mssm = Qle^^^^^Qi, where Qi stands for the 
MSSM matter and Higgs superfields. Expanding e^^^, the Kahler potential is described as 

/^kin = J d^e 0t0 Qle^a.v.Qi + ■■■ . (3) 

As discussed in Ref. [20], in softly broken supersymmetry, the soft terms associated to a 
chiral superfield Qi can be collected in a running superfield wave function Zi{fiji) such that 

InZ.ifin) = InZ.ifin) + [A{fiR)e' + h.c] - m^{fiR)e'' . (4) 

The running wave functions can be defined as Zi^fiRJ = Ci{p'^ = — /i^), where Cj is the 
coefficient of QlQi in the one point-irreducible (IPI) effective action. Therefore, turning on 
superconformal anomaly amounts to the shift hr -^ /^/^/(^V)^^^- 

According to the method developed in Ref. [20] (see also Ref. [12|), soft SUSY breaking 
terms (each gaugino masses Ma, sfermion squared masses ffif and A-parameters) at the scale 



Hr can be extracted from renormalized gauge kinetic functions and SUSY wave function 
renormalization coefficients, 



2 (iln/i/j 
^iife(AtR) = - hifJ'R) + 7j W + IkifJ'R)] F^ ■ (6) 

Here, Qa are the gauge couplings, ba are beta function coefficients, and7i = —{l/2)d\nZ/dlnn 
are anomalous dimensions of the matter and Higgs superfields. All the soft mass parameters 
can be described by only one parameter, F^, so the anomaly mediation is highly predictive. 

There are remaining two parameters in the Higgs sector, namely /x and B^ terms, that are 
responsible for electroweak symmetry breaking and should be of the order of the electroweak 
scale. Although some fine-tuning among parameters is necessary to realize /x ~ i? ~ Mz, in 
the following analysis we treat them as free parameters so that the value of |/i| and B^ are 
determined by the stationary condition of the Higgs potential. 

Let us consider the following superpotential. 

W = -{Yu)^,H2Q^U;; + {Yd^jHiQ^D] - {Y,),,H2UN;; + {YE)^JH,L,E] 

-^H,H2 - ^'Ai A2 + ^^AiAT^At; , (7) 

where Ai and A2 have B — L charge —2 and +2 respectively. Neglecting Yukawa couplings 
for first two generations, anomalous dimensions are given by 

9 99 99 /9 9\ r 

167r 7q, = --^3 - -^2 - y^9y - g9B-L + VUt + ^J'^is , 
IGn^-fD- = -3^3 - q9y - g^l-L + 2l/fe5i3 , 

IGttV^ = -2g^y-2gl_L + 2y%s, 



3 2 1 

2^^ ~ T 



167r%Hi = --gl- -gY + ^yb+Vr , 
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167r 7/^2 = -2^2 - i^9y + %t + Vv 



167rVi = -8^B-L + r 



ji 



167r 7A2 = -SgB_L ■ 



The soft scalar masses are explicitly written as 
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where by^, by^^, by^, by^ and bf are given by 
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Also, the Higgs soft masses are given by 
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The Higgs mass parameters, /i-term and i?yU-term, are determined by the electroweak sym- 



metry breaking conditions, 



mjj — m'jj tan^ /3 1 



'^' " tan2 /3 - 1 r^^' 

^/^ = 2 ['^^i+^^2+2|/^l']sin2/3. (12) 

The A-parameters in the AMSB scenario are given by 

Ajk = -{li + Ij + Ik) F^ (13) 

with the above anomalous dimensions. Finally, the gaugino masses are given by 
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Ml = llgl 
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167r2 

F. 



167r2 

The mass ratios are approximately Mb~l '■ Mi : M2 : M3 = 57(7^_^ : 3 : 1 : 10. So the Wino 
(rather than the more conventional Bino) is the lightest SUSY particle (LSP), and the gluino 
is an order of magnitude heavier than the LSP. Those predictions for the gaugino masses in 
the AMSB, that is, a Wino-hke LSP, has interesting phenomenological consequences. The 
remarkable fact is that the hghtest chargino mass is nearly degenerated with the lightest 
neutralino mass. 

3 Contributions from the Z-prime mediation 



Here we give a brief review of the Z-prime mediation of SUSY breaking [15l 116] by discussing 
the pattern of the soft SUSY breaking parameters, the masses of the Z'-ino and of the MSSM 
squarks and gauginos, which are the most robust predictions of this scenario. At the SUSY 
breaking scale, A5, SUSY breaking in the hidden sector is assumed to generate a SUSY 
breaking mass for the fermionic component of the U(1)b-l vector superfield. Given details 
of the hidden sector, its value could be evaluated via the standard technique of analytical 
continuation into superspace [2T]. In particular, the gauge kinetic function of the field 
strength superfield Wb-l ^^ ^^^ SUSY breaking scale is 



£&-. = /« 



yh''-H^)^'-H^_ 



L 



W^_^W^_^, (15) 



where M is the messenger scale, which we have assumed to be around the SUSY breaking 
scale, M ~ A5. P^'^li and I3'"^^j^ are /9-functions induced by U(1)b-l couplings to hidden 
and visible sector fields, respectively. Using analytical continuation, we replace M with 
M + 9'^F , where F is the SUSY breaking order parameter. We obtain the Zb-l niass as 
M^ _ ~ g]^_^P'^'^^F/M. We assume that the U(1)b-l gauge symmetry is not broken in 
the hidden sector. And we assume some sequestering mechanism so that only the B — L 
gaugino obtains a leading order mass term while the threshold corrections to the squrks 
and sleptons are only arisen at the next leading order as similar to the case of the gaugino 
mediation, where the B — L gaugino lives in the bulk in a five dimesional setup while squarks 
and sleptons are put on the brane. In such a case, only the B — L gaugino obtains a mass 
while the scalar masses receive negligible threshold corrections at the lowest order since they 
receive volume suppression. 

Since all the chiral superfields in the visible sector are charged under U(1)b-l, so all the 
corresponding scalars receive soft mass terms at 1-loop of order 
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^1 = 8^^l iMxr^h (16) 

where as-L = 9'b~l/{^'^) ^"^^ Qb-l ^^ ^^^ U(1)b-l charge of /. 

The MSSM gaugino masses, however, can only be generated at 2-loop level since they do 
not directly couple to the U(1)b-l, 

M, = 4c«^^^M^ Inf^^l , (17) 

Air A-K ^^-^ \Mz^_J 

where (01,02,03) = (§,4, |). 

From the discussion above, we see that the gauginos are considerably lighter than the 
sfermions. Taking m? ~ 100 - 1000 GeV, we find 

Mz^_^ ~ 10^ GeV (18) 

and then the Z' mediated contribution is well-suppressed: 

Ma ~ 10-^M^^_^ ~ 1 GeV , (19) 

which can be negligible compared to the contributions from anomaly mediation. 



4 RGEs and its numerical evaluations 

Now we consider the RGEs and analyze the running of the scalar masses m^^ and m^^ • The 
key point for implementing the radiative B—L symmetry breaking is that the scalar potential 
V^(Ai, A2) receives substantial radiative corrections [221 [H]. Iii particular, a negative (mass)^ 
would trigger the B — L symmetry breaking. We argue that the masses of Higgs fields Ai 
and A2 run differently in the way that m\^ can be negative whereas m^^ remains positive. 
The RGE for the B — L coupling and mass parameters can be derived from the general 
results for SUSY RGEs of Ref. [23]. 

For the RGEs of the Yukawa couphngs, we consider to include the additional contribution 
from the the ?7(1)b-l gauge sector. 

^^^"^ = bAyA. (20) 

where A = (t, b, z/, r, /), and Ba is shown in the section 1. The RGEs of the MSSM gauge 
couplings are the same as MSSM, while the RGE of the U{1)b-l gauge coupling is given by 

16vr2^ = 6^_,,|_,, (21) 

aln/i 

where Bb-l = 24. For the RGEs of the gaugino masses, it can be written as follows. 

''"'l^ = [MSSM + see-saw] + 1^,|.,M,_ , (22) 

where {ca) = (92/15,4,4/3). For the RGEs of the A-terms, it can be written as follows. 

IGtc^^i—Aa = [MSSM + see-saw] - 2aAgl^dAA - 2Mz^^Ya) , (23) 



' 2 2 
■ = y^) ") i^i ' ; ^'^^'^ i"t) "6) "y; ^t) = \ 

Af-ieYva. can be written as 



where Aa = AaXa with A = (t,b,u,T) and {at,ah,a^,ar) = (|,|,2,2). The RGE of the 



IGrr'fi-^Af = [gTilPf] + 2Tt[YX]) Af + 8 fY^A, . (24) 



The RGEs of the soft scalar masses are given by 

dfi 

lm\ 

dfi 

dm 

dfi 



flTD 

16tV-^ = 2Tl'|/t/]mL +41t[f*m%f] - 32g%_^\M^^_f . 

d/TTl ~ 

167rV-T^ = [MSSM + see-saw] -8(7|_^(gi,_j2|M^^_j2. (25) 
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where Q^-l ^^ ^^^ B — L charge of each chiral muhiplet f = Q, U^, D^, L, N^. For the RGEs 
of the /i'-term, it can be written as follows. 

16vrV|;/i' = (Tr[/V] - 16^Ll)/^' • (26) 

In the numerical analysis, we fix F^ to 10^ GeV for simplicity. So we have only three free 
parameters, 

gs-L , / , M^^_^ . (27) 



Once we fix Qb-l, f and M^ _i at the SUSY breaking scale A = ^JF^Mp\ ~ 10^^ GeV, all 
the soft SUSY breaking parameters due to AMSB and Z' mediation at A are also fixed, and 
RGE evolutions provide us with informations at low scale. 

Fig. [T] shows the evolutions of the soft mass for the field Ai. In Fig. [T], from top to the 
bottom curves, we varied the value of / as / = 1.5, 2.5, 3.5 with F^ = 100 TeV, Qb-l = 0.1 
and M^ =5 TeV. 

For example, for the case of / = 2.5, the soft mass squared for the fields Ai goes across 
the zeros toward negative value, that is nothing but the realization of the radiative symmetry 
breaking of \J{1)b-l gauge symmetry. The seesaw scale is found to be at vb-l = 10"^ GeV. 
Hence the right-handed neutrinos obtain their masses of Mpf = Jvb-l — xlO^ GeV. The 
running behavior in Fig. [1] can be understood in the following way. Starting from the high 
energy scale, the soft mass squared increases because of the gauge coupling contributions, 
and decrease of the mass squared is caused by the Yukawa coupling / that dominate over 
the gauge coupling contribution. 

Fig. [2] show the evolutions of the soft mass for sleptons, where the Yukawa coupling / is 
fixed to 2.5, since their spectra are almost independent of the value of /. As seen in Fig. [2], the 
larger M^ _i gives the more positive slepton mass. This behavior is easily understood from 
Eq. (jHD, the RGE of the slepton. On the other hand, the larger Qb-l gives the degenerate 
mass spectra. This is because, m~ and m~^ ^ at A depend only on Qb-l in the case of 
the large Qb-l- These degenerate mass spectra are one of the outstanding feature of this 
scenario. 

In TableHl we show some example data of the resultant sparticle mass spectrum and Higgs 
boson masses, where we took tan/? = 10, F^ = 50 TeV and / = 2.5. Here, the standard 
model-like Higgs boson mass is evaluated by including one-loop corrections through top and 
scalar top quarks, 

Aml = ^^yysin^(3\n(^^^) , (28) 



Att'^ \ m 



H 



which is important to push up the Higgs boson mass so as to satisfy the LEP II experi- 
mental bound, ruh > 114 GeV. As can be understood from the RGEs and the soft SUSY 

8 



breaking parameters presented in the previous section, the resultant soft SUSY breaking 
parameters are proportional to F^. Thus, as we take F^ larger, sparticles become heavier 
and, accordingly, Higgs boson masses become larger. 

5 Dark matter relic density 

In this section we discuss the cosmological features of the lightest neutralino. The recent 
Wilkinson Microwave Anisotropy Probe (WMAP) satellite data [21] provide estimations of 
various cosmological parameters with greater accuracy. The current density of the universe 
is composed of about 73% of dark energy and 27% of matter. Most of the matter density is 
in the form of the CDM, and its density is estimated to be [2^ 



(^cdm/^^ = 0.1143 ± 0.0034 . (29) 

If the R-parity is conserved in SUSY models, the LSP is stable. The lightest neutralino, if 
it is the LSP, is the plausible candidate for the CDM. 

In the AMSB scenario or its extension with Z' mediation, the lightest neutralino is 
mostly Wino-like, and it undergoes rapid annihilation though reaction: WW — > W^W~ . 
The resultant relic abundance is too small, which can roughly be estimated to be jl] 

So the mass of the DM neutralino has to be very heavy to satisfy the WMAP data. If 
the Wino-like neutralino with SU(2)2, charge is much heavier than the weak gauge boson as 
described above, the weak interaction is a long-distance force for non-relativistic two-bodies 
states of such particles. If this non-perturbative effect (namely, Sommerfeld enhancement) 
of the dark matter at the freeze-out temperature is taken into account, the abundance can 
be reduced by about 50% [251 [26]. Therefore, the allowed region exists for large value of F^. 
Such a large value of soft mass is disfavored in view of the little hierarchy problem. 
In order to keep the neutralino DM light, non-thermal production of the DM should be 
considered as proposed in [23- Once we accept the non-thermal production of the LSP 
neutralino from the moduh decays, then it is possible to produce sufficient relic abundance 
of the LSP neutralino even for the light Wino-like neutralino DM. 

6 Summary and discussion 

Anomaly mediation of supersymmetry breaking (AMSB) is very attractive because the re- 
sultant soft supersymmetry breaking parameters at a given energy scale are determined only 
by physics at that energy scale (UV insensitivity) and hence is highly predictive (only one 



parameter, F^). However, there is the so-called tachyonic slepton problem. In this paper, 
we have constructed a viable anomaly mediation scenario of SUSY breaking by adding a 
contribution from the Z' mediated SUSY breaking contributions. In the Z' mediated SUSY 
breaking scenario, while the scalar masses are generated at the 1-loop level, however, gaugino 
masses can only be generated at 2-loop level, so the gaugino masses are completely deter- 
mined by the pure anomaly mediation itself. Therefore, the characteristic signature of the 
present model predictions appear in the scalar partners mass spectra. We have investigated 
the scalar partners mass spectra for several choices of parameters in this model, for instance, 
for different values of the Z' gaugino mass. The resultant sparticle mass spectra was found 
to be interesting in scope of the LHC 
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A RGEs in the MSSM with right-handed neutrinos 
A.l The 2-loop RGE for the gauge coupUngs 

.2,. d _ 33 3 gl /199 ^ 27^2 , §8 „2 



16.V|^.. - .2^ + ^1,0.? + 25,2^ + 24,1) , (32) 

167rV:^,3 = -?>gl + ^J\gl + '^gl + Ugi\ . (33) 



d^Ji ^ ^^ 167r2 V5 

Here g2 = g is the SU{2)l gauge coupling constant and ,i = \ \g' is the U{1) gauge coupling 
constant with the GUT normalization (,1 = ,2 = fl'3 at /i = Mqut)- 
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A. 2 The 1-loop RGE for the Yukawa coupUngs 



IQTi^fi—Yu = Yu 



djj, 



d 



[-y/, - ^gl - ^^gl + 3Tr(y;tK) + Tr(FjF.)| l3x3 



167r>— F, 
djj, 



dn 



+3 (yX) + (ylYd 

Yd 



[-y/i - 'igl - y^I + 3Tr(FiF,) + Tr(y;ty;)| i 

+ 3 (FiF,) + (FiK)^ , 

Yu [-\g\ - H + 3 Tr (rjr„) + Tr (rjy;) 1 13x3 



-3 {yX) + {yX)] , 



167rV:^n = n 



(i/i 



|(?^ - :igl + 3Tr(r;rrf) + Tr(F;Fe)} Isxs 



+3 {YXe) + Wv;)] . 



A. 3 The 2-loop RGE for the gaugino masses 



9 d ^ ^ 66 n , , 

i67rV:r^i = ^alMx 

d/i 5 



2gl [199 



167r^ 5 



27 



2 , ^gj (2Mi) + -(72 (Ml + M2) + -(72 (Ml + Ms) !> , (38) 



rf 



167rV^M2 = 2glM2 
dfj, 

2gl [9 



+ 



167r2 5 



-^f (Ml + M2) + 25^2 (2M2) + 24^3' (M2 + M3 



3; r , 



d 
djj, 



167rV:fM3 = -QglM^ 



+ 



2^1 fll 2 



167r2 5 



— (7f (Ml + M3) + <dgi (M2 + M3) + Ugi (2M3 



(34) 



(35) 



(36) 



(37) 



(39) 



(40) 
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A. 4 The 1-loop RGE for the soft SUSY breaking mass terms 

+ (m'XYu + m^YJY, + Y^ml + YlY.mf) 

+ 2{Y^mlXu + mlXY^ + AiA^)^^ 

+ 2(Y}m'^, + mlY}Y, + A\Aa) , (41) 

+ 2(miy;ty; + y;ty;m|)^^. 

+ A{Y^mlYl + m],XY^ + A^Ai)^^ , (42) 

+ A[Y,mlYi + mlj\Y, + AaA^^ , (43) 

+ (m?y;ty; + mjYX + n^^m? + yX^Vi,, 

+ 2(F,WF, + mi^F;y; + 4A,)^^. , (44) 



+ 4(F,m?F; + m2,^F;F, + AeAt)^^. , (45) 

16n'fx^{ml)^^ = 2{mlYX + yJyuml)^^+A{Y,mlYj + mlYX + A^Ai)^^ .(46) 
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+ 2TT{m?YjY, + YXml + mljY, + AtA,) , (47) 

+ 

+ 2Tr {m?YX + YKml + mljY, + AlA,) , (4J 



where 



6 Tr (mlYiY, + Y^im} + mljY, + A^A,) 
2 Tr {m^YX + yRK + m^jFe + 4^e) 



S" = Tr(m? + m\ - 2m| - mj + mj) - m^^ + m|^^ . (49) 

A. 5 The 1-loop RGE for the soft SUSY breaking A-terms 

i6^v|;^n,, = { -^^1 - ^9l - fgl + 3Tr(y;tr„) + Tt{yX) } ^«. 

+ 2 I ^^(^2^1 + 3glM, + ^(^^Ma + 3Tr(F„tA„) + Tr(FjA.) | Y;^^. 

+ 4(Fj-F„Aj,, + 5(A„rJrj,, + 2(r„F>,),, + (A„r]r,),, , (so) 

levr^l^A,,, = [-^gl-3gl-fgl + 3^r{YjY,) + TT{YX^)^A,^^ 

+ 2 I ^glM^ + 3(72M2 + y (^g^Mg + STiiY^A,) + Tr(F;Ae) | Y,^^ 

+ AiY^.Aa),, + 5{A,yJy,),, + 2{Y,Y^A^),, + (A.FJFJ,, , (51) 

167rV|^Ae,, = l^-lg!-3gl + 3TT{YjY,) + TT{YX)]A,^^ 

+ 2 I ^(?2Mi + 3(72'M2 + 3Tr(F; A,) + Tr(F; Ae) | Fe,, 

+ 4 (nty;^,)^^. + 5 (A^YX),^ + 2 (>;>;^^.),,. + (AeYXu),^ , (52) 

167rV|^A.., = { -^^? - 3(?2' + 3Tr(F„ty„) + Tt{YXu) } A,^^, 

+ 2 I ^(?2Mi + 3glM2 + 3Tr(Fj A„) + Tr(Fj A,) | Y,^^ 

+ 4(Fjy;A,),, + 5(A,y;ty;),, + 2(F,F,Ue)., + (^.v';v;)., • (53) 
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Figure 1: The evolution of the soft mass for the field Ai from the SUSY breaking scale 
to the B — L gaugino mass scale. The solid black, gray and dashed black lines are for 
/ = 1.5, 2.5, 3.5, respectively. Here we have chosen F^ = 100 TeV, Qb-l = 0.1 and 
M7 =5 TeV. 
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Figure 2: The running behavior of the soft mass parameters m^ (sohd hue) and mg^ (dotted hue) 
are shown. Here we have chosen Fa, = 50 TeV and / = 2.5. 
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Table 1: Sparticle and Higgs boson mass spectra (in units of GeV) in the case of tan/? = 10, 
F^ = 50 TeV and / = 2.5. 



